The human histone H3 variant, CENP-A, replaces the conventional histone H3 in centromeric chromatin and, together with centromerespecific DNA-binding factors, directs the assembly of the kinetochore. We purified the prenucelosomal e-CENP-A complex. We found that HJURP, a member of the complex, was required for cell cycle specific targeting of CENP-A to centromeres. HJURP facilitated efficient deposition of CENP-A/H4 tetramers to naked DNA in vitro. Bacterially expressed HJURP binds at a stoichiometric ratio to the CENP-A/H4 tetramer but not to the H3/H4 tetramer. The binding occurred through a conserved HJURP short N-terminal domain, termed CBD. The novel characteristic identified in vertebrates that we named TLTY box of CBD, was essential for formation of the HJURP-CENP-A/H4 complex. Our data identified HJURP as a vertebrate CENP-A chaperone and dissected its mode of interactions with CENP-A.
The human histone H3 variant, CENP-A, replaces the conventional histone H3 in centromeric chromatin and, together with centromerespecific DNA-binding factors, directs the assembly of the kinetochore. We purified the prenucelosomal e-CENP-A complex. We found that HJURP, a member of the complex, was required for cell cycle specific targeting of CENP-A to centromeres. HJURP facilitated efficient deposition of CENP-A/H4 tetramers to naked DNA in vitro. Bacterially expressed HJURP binds at a stoichiometric ratio to the CENP-A/H4 tetramer but not to the H3/H4 tetramer. The binding occurred through a conserved HJURP short N-terminal domain, termed CBD. The novel characteristic identified in vertebrates that we named TLTY box of CBD, was essential for formation of the HJURP-CENP-A/H4 complex. Our data identified HJURP as a vertebrate CENP-A chaperone and dissected its mode of interactions with CENP-A.
histone chaperone | histone variant T he centromere is a specialized region on eukaryotic chromosomes required for the assembly of active kinetochore. The centromere is of vital importance for genetic stability. Defects in meiotic chromosomes segregation may lead to aneuploidy and tumor formation (1) .
The structure of the centromeres, despite the many efforts invested, remains elusive (2, 3) . CENP-A (termed also CenH3, (2, 3), a centromere-specific histone H3 variant, is found in all eukaryotes (4) and is required for the assembly and the maintenance of active centromeres (5) (6) (7) (8) . Human CENP-A shows >60% sequence identity with the C-terminal histone fold domain of H3, but its Nterminal tail is highly divergent (4, 9, 10) . A domain in the histone fold of CENP-A, termed CATD, is required for the targeting of the newly synthesized protein to the centromeres (9, (11) (12) (13) . Substitution of the CATD into canonical H3 is sufficient to replace the essential function of CENP-A suggesting that any specific CENP-A chaperone would recognize the (CENP-A/H4)2 tetramer via the CATD and deliver it to centromeric chromatin (14) .
A fundamental question in centromere biology is how CENP-A is specifically deposited to and maintained on centromeric DNA. Recent studies have identified several factors that affect CENP-A localization but their precise roles in this process remain to be determined. In Drosophila, p55 (RbAp48) was found to be associated with CenH3/H4 tetramer and to facilitate its deposition to DNA (15) . A genome wide RNAi screen for defects in Drosophila CenH3 localization at centromeres identified CAL1 and CENP-C as essential proteins for assembly of newly synthesized CenH3 (16) . In S. pombe Mis 6 and Ams2 proteins are involved in CenH3 localization (17, 18) , Mis16 and Mis18 are required for CenH3 loading and Sim3 might act to escort CENP-A to centromere (19, 20) . The human proteins hMis18 and M18BP1, recruited to centromere at telophase-G1, and RbAp46/RbAp48 may act to prime centromere for CENP-A localization (21) . In S. cerivisiae and S. pombe, Scm3 (Suppressor of chromosome mis-segregation 3) protein was shown to specifically bind the CenH3-H4 complex and to be required for its assembly into the centromeric chromatin (22) (23) (24) (25) (26) .
Despite the identification of CENP-A associated proteins little is known about specific histone chaperones in humans that could bind CENP-A and assist its specific deposition to centromeres.
In this study, we purified the prenucleosomal CENP-A complex fromsolublenuclearfractionofHeLacells.Wepresent evidencethat HJURP (Holliday Junction Recognition Protein) (27) , a member of the CENP-A prenucleosomal complex (28) , is essential for the deposition of CENP-A at the centromeres in cell cycle dependent manner. We further analyzed how HJURP interacts with CENP-A and identified the domains of both proteins involved in this interaction.
Results
Purification of Prenucleosomal CENP-A and H3.1 Complexes. To identify proteins interacting specifically with CENP-A, we established stable HeLa cell lines expressing either a C-terminal FLAG-HA epitope tagged CENP-A (e-CENP-A) or a C-terminal FLAG-HA epitope tagged H3.1 (e-H3.1). The immunofluorescence analysis of e-CENP-A and e-H3.1 in these cells revealed that the tagged histones are found in the nucleus (Fig. 1A) . As expected for a conventional histone, e-H3.1 shows a rather diffuse nuclear staining. In contrast, e-CENP-A was localized in discrete foci, a distribution pattern typical for endogenous CENP-A (7, 10) . These data indicate that the presence of the tag epitopes do not interfere with the deposition and association with chromatin of both e-H3.1 and e-CENP-A.
Cell extracts from the tagged cells were prepared and the e-H3.1 and e-CENP-A prenucleosomal complexes were purified by sequential immunoprecipitations with antiFLAG antibody followed by antiHA antibody (29) . The proteins associated with e-CENP-A and e-H3.1 were separated in 4-12% gradient PAGE containing SDS and silver stained (Fig. 1B and C) . Mass spectrometry analysis identifies the following proteins as common components of the e-CENP-A and e-H3.1 complexes: Core histones (H2A, H2B, H4), RbAp46/RbAp48 proteins, Ku proteins (Ku70 and Ku80), and DNA-dependent protein kinase (DNA-PK). Two of the three CAF-1 subunits, CAF 150 and CAF 60, were specific to the e-H3.1 complex, whereas the third CAF-1 subunit RbAp48 and RbAp46 was a common component to e-CENP-A and e-H3.1 complexes (Fig. 1B and C) . RbAp46 and RbAp48 are highly homologous histone chaperones found in many chromatin-related complexes (30) and apparently they interact with H4 (31) (32) (33) . These results are in agreement with the reported data, showing that CAF-1 subcomplex is part of e-H3.1 containing-complex (34) .
The e-H3.1 prenucleosomal complex contained also importin, s-NASP, and histone acetyl transferase-1 (HAT1) (Fig. 1C) . The prenucleosomal e-CENP-A complex is associated with Tip49a/ Tip49b, DEAD (Asp-Glu-Ala-Asp) box polypeptide (DDX3X, DDX5, and DDX17) and some RNA/DNA binding proteins like HnRNPU (Heterogenous nuclear Ribonucleoprotein U) and EIF4A1 (Fig. 1B) . None of these proteins would be expected to have histone chaperone properties. With this in mind we focused on the two other specific members of the e-CENP-A complex, HJURP, and nucleophosmin (NPM1), two proteins found associated with the CENP-A nucleosome (28) . Immunoblotting of the purified complexes evidence additionally that both proteins were present in the e-CENP-A complex, but not in the e-H3.1 complex (Fig. 1D) . In vitro experiments showed that NPM1 was able to bind equally well to the CENP-A/H4 and H3/H4 tetramers (see SI Text), strongly suggesting that it cannot be a bona fide chaperone specific for CENP-A. Consequently, the best candidate for a specific CENP-A chaperone remained HJURP.
If HJURP was a CENP-A chaperone, it should exhibit a cell cycle dependent association with CENP-A chromatin, because the incorporation of CENP-A is cell cycle dependent and its deposition occurs at G1 (35) . And indeed, we found that in G1, in contrast to S and M phases, the quasi-totality of HJURP was tightly associated with CENP-A chromatin (SI Text).
We next conducted experiments to further confirm the presence of HJURP in the e-CENP-A prenucleosomal complex. We established a stable HeLa cell line expressing a N-terminal FLAG-HA epitope tagged HJURP. Tandem affinity purification of e-HJURP from soluble HeLa nuclear cell extract followed by mass spectrometry analysis identifies CENP-A, H4, NPM1 Tip49a/Tip49b, and RbAp46/RbAp48 as integral components of the human HJURP complex (Fig. 1E ). Immunoblotting of the purified complex with an anti-CENP-A antibody further confirmed the presence of CENP-A in this complex (Fig. 1E Lower) .
HJURP Is Required for Loading CENP-A to Centromeres. The above described data suggest strongly that HJURP is a specific CENP-A chaperone. If this was the case, its depletion would result in impediment of CENP-A delivery to the centromeres. To test this, we used HeLa cells where HJURP was depleted by siRNA treatment. Two distinct siRNAs against HJURP (Si1 and Si2) were used to suppress its expression in HeLa cells. A scrambled (Ssi) sequence was used as a negative control. The suppression of HJURP expression was confirmed 72 hr posttransfection by a specific antibody (Fig. 2B) . Note that the depletion of HJURP was very efficient, because the cells transfected with The preassembly e-CENP-A complex (CENP-A.com) was purified by tandem immuno-affinity and the associated polypeptides were identified by mass spectrometry. Lane M corresponds to a protein molecular mass marker. Lane Mock, corresponds to a mock purification from a nontagged HeLa cell line. (C) Silver staining of proteins associated with e-H3.1. The prenucelosomal e-H3.1 complex (H3.1.com) was purified by tandem immunoaffinity and the associated polypeptides (Left) were identified by mass spectrometry. Lane M corresponds to a protein molecular mass marker. (D). Western blot detection of HJURP and NPM1 in the e-CENP-A preassembly complex. e-Cenp-A and e-H3.1 complexes were run on 4-12% SDS PAGE and after transfer, the blot was revealed with an antiHJURP, an anti-NPM1, and antiFLAG (to detect e-CENP-A and e-H3.1). (E) Silver staining of proteins associated with e-HJURP. The specific partners of e-HJURP were purified by tandem immunoaffinity and identified by mass spectrometry analyses (Lane 2, Upper). The identified proteins are indicated on the right. Lane M corresponds to a protein molecular mass marker. (Lower) Western blot detection of CENP-A present in the preassembly e-CENP-A complex (Lane 1) and e-HJURP complex (Lane 2). Both complexes were run on 4-12% SDS PAGE and after transfer, the blot was revealed with an anti-CENP-A antibody. The higher molecular mass of e-CENP-A is due to the presence of the HA-FLAG peptide fused to CENP-A.
either one of the siRNA probes expressed ≤5 − 10% of the amount of HJURP in the control, treated with scrambled siRNA cells (Fig. 2B) . Remarkably, immunostaining with anti-CENP-A antibody showed a loss of CENP-A at the centromeres ( Fig. 2A) . Essentially identical results were obtained when CENP-A was depleted by siRNA transfection (Fig. 2A) . This suggests that in the HJURP depleted cells either the stability of the already incorporated CENP-A or the provision of new CENP-A at centromeres, or both, are compromised. In addition, immunoblotting shows that the depletion of HJURP resulted in decrease of CENP-A, i.e. the amount of CENP-A present in the depleted cell was reduced to at least 50% of its initial level before siRNA treatment (Fig. 2B) . These data are evidence for a key role of HJURP in the CENP-A loading at the centromeres. The unambiguous identification of HJURP within the prenucleosomal CENP-A complex indicates that the two proteins should be closely associated but do not distinguish between direct and indirect binding. If HJURP is a chaperone for CENP-A, a direct interaction between the two proteins should be observed. To address this question, GST-HJURP fusion (GST-HJURP) together with CENP-A/H4 were coexpressed in bacterial cells. Then GST-HJURP, together with the associated proteins, was purified and run on a SDS gel and the gel was stained with coomassie. The data clearly show that GST-HJURP binds stoichiometrically to CENP-A/H4 tetramers (Fig. 3A, lane 2) . Immunoblotting with an anti-CENP-A antibody confirmed these results (Fig. 3A Lower) . Note that the GST-HJURP binding to CENP-A/H4 tetramers does not depend on the presence of either DNA or RNA and thus, it involves protein-protein interactions only (SI Text).
By using the same assay, we have mapped the specific region of HJURP that interacts with CENP-A. GST fusions of different deletion mutants of HJURP ( and Δ3 (80-215 AA) of HJURP did not interact with CENP-A (Fig. 3A) , suggesting that the CENP-A binding domain is a part of the N-terminal domain of HJURP. In agreement with this, the two C-terminal deletion mutants Δ2 (1-215 AA) and Δ4 (1-80 AA) showed essentially the same binding capacity as the full-length HJURP (Fig. 3A) . We conclude that the N-terminal part of the protein corresponding to amino acids 1-80 aa is the CENP-A Binding Domain (CBD) of HJURP.
Using the identified CENP-A binding domain (CBD, 1-80 aa) as a GST-fusion, we next asked whether it interacts also with H3/ H4 or it is exclusively specific to CENP-A/H4. Importantly, no binding to histones H3/H4 was detected (Fig. 3C) . These results evidence that the binding of HJURP to CENP-A/H4 is (i) specific, (ii) direct, and (iii) stoichiometric.
HJURP Interacts with the CATD Domain of CENP-A Through a Highly
Conserved TLTY Box. We next aimed to identify the peptide sequence within the CBD of HJURP required for the specific binding to CENP-A. Bioinformatic analysis using SMART (Simple Modular Architecture Research Tool), pBLAST and multiple sequence alignments were conducted. By SMART analysis a coiled-coil (CC) motif consisting of 26 amino acids residues (16-42 AA) was found in the N-terminal part of the protein (Fig. 4A) . Coiled-coil motifs are known to function as oligomerization domains for a wide variety of proteins and are unlikely to be involved in the interaction with CENP-A (36). By multiple sequence alignment analysis of HJURP, we identified a novel box TLTY that it is highly conserved across vertebrate from human (Homo sapiens) to chicken (Gallus gallus) (Fig. 4A) . To explore the importance of this novel TLTY box for CENP-A interaction, we deleted this box from the CENP-A binding domain of HJURP (CBD, 1-80 aa) and coexpressed this mutant with CENP-A/H4 in bacteria. The analysis of the binding was carried out as described above. We could not detect binding of the TLTY deleted mutant CBD (Δ-TLTY) to CENP-A/H4 (Fig. 4B compare lane 1 with  lanes 2-4) whereas the CBD showed a stoichoimetric interaction (Fig. 4B, lane 1) . Immunoblotting analysis with an anti-CENP-A antibody confirmed this result and only detected a trace amount of CENP-A interacting with CBD (Δ-TLTY) (Fig. 4B, compare  lane 1 with lanes 2-4) . We concluded that the TLTY box is required for the interaction of HJURP with CENP-A.
The next question we addressed was whether the CBD of HJURP, containing the conserved TLTY box, can specifically interact with the previously dentified CENP-A targeting Domain (CATD) (9) . The CATD, consisting of the loop1 and helix 2 of the histone fold domain, is required for centromeric loading of CENP-A (9, 11). The substitution of CATD into H3.1 led to a H3 CATD chimera that recapitulated the functional properties of CENP-A (9, 11). These findings suggested that any specific histone chaperone for CENP-A deposition should also bind to the CATD of CENP-A. To test this, GST-CBD fusion together with H3 CATD ∕H4 were coexpressed in bacteria and their association analyzed (Fig. 4C) . GST-CBD was found associated in stoichiometric ratio with H3 CATD ∕H4 as it was with CENP-A/H4 (Fig. 4C) . We conclude that HJURP binds to CENP-A through its CATD domain and this interaction is likely to occur via the TLTY box of CBD. HJURP Stimulates CENP-A Deposition on DNA. If HJURP is a bona fide CENP-A chaperone it should be able to deposit CENP-A/H4 to DNA and to assemble a CENP-A/H4 tetrasome. We have approached this problem as follows. Labeled 360 bp alpha satellite DNA was circularized under conditions that generated one negative supercoil corresponding to topoisomer −1 (37) . Negatively supercoiled DNA was then incubated with an increasing amount of CENP-A/H4 histones in the absence or presence of equimolar amount of HJURP and then the deposition of histones onto DNA was analyzed by EMSA (Fig. 5A) . In the absence of HJURP, very low amount of CENP-A/H4 tetramer deposition was observed (Fig. 5, lanes 3-5) . In contrast, the presence of HJURP strongly facilitates the CENP-A/H4 tetramer deposition and enhanced (up to 15-fold at low histone concentration and up to 3-fold at high histone concentration) the assembly of the CENP-A/H4 tetrasome (Fig. 5A, lanes 6-8 and Fig. 5B ). The HJURP-mediated deposition of CENP-A/H4 tetramers on DNA was also at least as efficient as that obtained by the salt dialysis method (Fig. 5 , compare lane 2 with lane 8 and Fig. 5B ). These data illustrate the ability of HJURP to assemble CENP-A variant particles.
Discussion
In this work we have identified by affinity purification and mass spectrometry HJURP as a major partner in the CENP-A nuclear soluble complex. Depletion of HJURP by siRNA affected the expression of CENP-A and impaired its deposition at centromeres. Immunoprecipitation experiments show that HJURP is associated with CENP-A chromatin in a cell cycle dependent manner, concomitant with the new CENP-A deposition. These results are in complete agreement with the recently reported experiments, where very similar approaches were used (38, 39) . All these data strongly suggest that HJURP is a specific CENP-A chaperone, required for the cell cycle deposition of CENP-A in chromatin.
In addition to these in vivo experiments, we have performed a series of in vitro studies. This has allowed the identification and characterization of a conserved HJURP short N-terminal domain, responsible for the specific and stoichiometric binding to the CENP-A/H4 complex. We found that a TLTY box within this domain was required for the binding. Interestingly, the TLTY box was found to bind to the previously identified CENP-A targeting Domain (CATD) (9) .
The recently identified yeast CenH3 chaperone Scm3 (22-26) is likely to be a distant ortholog of HJURP. Scm3 is required for kinetochore assembly, conserved across fungi, and displays a remarkable variation in protein size (40) . Though Scm3 has extensively diversified in course of fungal evolution to make different types of potential DNA contacts via its C-terminal regions, it is likely to mediate a conserved interaction with the CenH3-H4 complex via its N-terminal Scm3 domain. Indeed, recent bioinformatics analysis established some similarity between fungal Scm3 domain and mammalian HJURP N-terminal domain (41) . This result is in agreement with our data implicating the N-terminal domain of HJURP in CENP-A binding.
Taken together our and the reported data (38, 39) demonstrate that HJURP is a key chaperone responsible for the targeting and deposition of newly synthesized CENP-A at centromeres. Our in vitro experiments suggest a model for HJURP binding to the CENP-A/H4 complex (Fig. 5C) . According to the model, two molecules of HJURP are supposed to dimerize through their coiled-coil domains and to bind, via the TLTY box, two dimers of CENP-A/H4. This would constrain the CENP-A/H4 tetramer in a specific conformation that facilitates its deposition to DNA and allows the assembly of the CENP-A/H4 tetrasome.
Materials and Methods
Purification of e-CENP-A and e-H3.1 Complexes. Prenucleosomal CENP-A and H3.1 complexes were purified from soluble nuclear extracts prepared from stable HeLa cell lines expressing either CENP-A or H3.1 proteins fused to C-terminal FLAG and HA epitope tags (e-CENP-A/e-H3.1). A tandem affinity purification protocol on antiFlag antibody-conjugated agarose followed by antiHA purification and peptide elution was used (29) .
Immunofluorescence. Immunofluorescence was performed using standard procedures. Anti-CENP-A was used at 1∶200 dilution, the secondary antibody used is a goat antirabbit IgG coupled to Alexa Fluor 488 (Molecular Probes) at 1∶400 dilution. Rat antiHA antibody (Roche) was used at 1∶400 dilution; the secondary antibody used is a goat antirat IgG coupled to Alexa Fluor 488 (Molecular Probes) at 1∶400 dilution.
